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T he de novo acquisition of resistance against antibiotics is known to be accompanied by certain mutations and differential expression of specific genes (1) (2) (3) (4) (5) . The "radical-based" theory (6, 7) proposes that bactericidal antibiotics cause cell death by a single mechanism, driven by the accumulation of oxygen radicals in the cells. In that case, the cellular response to sublethal concentrations of antibiotics should be similar even for compounds belonging to different classes of bactericidal drugs, such as beta-lactams or fluoroquinolones. The outcome might differ for bacteriostatic drugs, for example, tetracycline. The radical-based theory, however, is the subject of debate (8) . The revelation of a common denominator for the adaptation processes to different antibiotics might illuminate the question of a single mechanism from a different angle.
Resistance can easily be induced in Escherichia coli by exposure to stepwise increasing sublethal antibiotic concentrations (9) . The effects of the acquisition of resistance to amoxicillin on the overall physiology is a complex set of adaptations at the gene expression level, preventing metabolic costs at the expense of the ecological range (10) . After the initial stage, the prolonged exposure to antibiotics modulates the SOS response, leading in turn to mutations that cause resistance (11) . The mutations generate more permanent resistance, which remains long after the antibiotic pressure has been removed (3) . Resistance to amoxicillin is primarily caused by overexpression of ampC due to mutations in the promoter region (12) . The effectiveness of fluoroquinolones is greatly reduced by mutations in gyrA and parC (13) . If these mutations are induced by a single mechanism, a common pattern in the incidence may reveal itself.
The question therefore poses itself whether the response of the cell upon exposure to different antibiotics is very similar, as a common mechanism of action and induction of resistance would suggest, or that it differs for each class of antibiotics. In addition, the delicate interplay between changes at the expression level and the induction of mutations has not been documented. To inves-tigate differences in cellular responses of E. coli upon exposure to various antibiotics, we documented the effects of adaptation to amoxicillin, enrofloxacin, and tetracycline, each belonging to a different class of compounds.
MATERIALS AND METHODS
Bacterial strains, growth media, culture conditions, and MIC measurement. The drug-sensitive wild-type (WT) E. coli MG1655 was used throughout. Amoxicillin, tetracycline, and enrofloxacin resistance were induced by stepwise increase of the drug concentration with every transfer cycle when almost normal growth occurred (9) . Batch cultures of E. coli were grown at 37°C in a phosphate buffer (100 mM total NaH 2 PO 4 and Na 2 HPO 4 ) and defined minimal medium containing 55 mM glucose with a pH of 6.9 (14) . The MIC values were measured by following growth in 96-well plates as described previously (15) , using duplicate serial dilutions of a factor of 2, ranging from 0 to 1,024 g/ml of the antibiotic. The MIC was defined as the lowest concentration of antibiotic that reduced the growth to an optical density at 595 mm (OD 595 ) of 0.2 or less after 23 h.
Amplification and sequencing of resistance-conferring gene loci. Amplification was performed in 50-l working volumes with Taq DNA polymerase (Thermo Scientific) using the following parameters: denaturation at 95°C for 5 min, followed by 35 cycles of 35 s at 95°C, 55s at 49°C, and 90 s at 72°C, and finally, extension at 72°C for 90 s. The PCR products were purified with the MSB Spin PCRapace kit (Invitek) and sequenced by Macrogen Europe. Oligonucleotide primers used throughout this study are listed in Table 1 .
Microarray RNA analysis. Three biological replicates were inoculated to an OD 600 of 0.2 in fresh medium with or without antibiotics and harvested at an OD 600 of 1.0. Antibiotics were added at 0.25ϫ MIC (1 [WT] and 128 g/ml [adapted] for amoxicillin, 0.125 and 128 g/ml for enrofloxacin, and 0.25 and 16 g/ml for tetracycline). The pellet was flashfrozen in liquid nitrogen and stored at Ϫ80°C. The total RNA was extracted by adding 500 l of RNeasy lysis buffer containing 1% mercaptoethanol and incubated at room temperature for 5 min. The lysed cells were extracted twice with acid phenol, followed by two chloroform extractions. Total RNA was precipitated with isopropanol, incubated overnight at Ϫ80°C, and centrifuged for 30 min at 4°C. The pellet was washed with ice-cold 75% ethanol and redissolved in 100 l RNase-free water. The RNA samples were purified with the RNeasy kit (Qiagen). The amount of RNA was measured on the NanoDrop ND-1000 (Thermo Scientific). The integrity of the RNA samples was investigated with the BioAnalyzer (Agilent Technologies) using the RNA nano 6000 kit (Agilent Technologies). Labeling, microarray hybridization, scanning, and data processing were performed at the MicroArray Department of the University of Amsterdam as described previously (10) .
Genome sequencing and assembly. Whole-genome sequencing was performed described previously on a Roche 454 platform (10, 16) . The following criteria were utilized to rule out sequencing errors: (i) the region of the structural variation is unique in the reference sequence, (ii) no perfect match reads can be aligned, and (iii) at least 3 or more reads should unambiguously support each single nucleotide polymorphism (SNP).
RESULTS
Expression profiles. Expression profiles of strains made permanently resistant by growth at stepwise increasing concentrations (9) were compared to those of the wild type to establish the role of differential expression in the de novo acquisition of resistance ( Fig. 1 ). The final MICs were between 256 and 1,024 g/ml for amoxicillin, 512 and 1,024 g/ml for enrofloxacin, and 64 g/ml for tetracycline. Replicates of a single adapted strain were analyzed for each antibiotic. Possibly, various results might have been obtained by using different strains, but physiological parameters, such as growth rate, enzyme activities, or stress tolerance, turned out to be very similar in other studies using more strains (9, 10) . This indicates that the outcome of the regulatory processes was similar as well.
Overall, roughly twice as many genes were significantly (factor of Ͼ2 at a 95% confidence level [n ϭ 3]) downregulated as upregulated upon adaptation to amoxicillin, but for enrofloxacin and tetracycline this was the opposite (Fig. 1a ). Expression of Ͼ200 genes varied by a factor between 2 and 3, either up or down, and just 127 between 3-and 10-fold ( Fig. 1b) . Only very few genes had differential expression higher than 20-fold in resistant cells compared to the wild type. The acid stress chaperone hdeB (17) was 200-and 82-fold suppressed in amoxicillin-and tetracyclineresistant cells, respectively. Enrofloxacin-resistant cells showed a 65-fold increased expression of the superoxide response regulon soxS. Amoxicillin-resistant cells showed strong induction of the frd operon and of the putative amino acid transporter yjeM and a 97-fold induction of ampC expression.
A consistent pattern did not present itself when we analyzed and compared expression patterns, but some aspects deserve notice. Adaptation to tetracycline required by far the largest number of differentially expressed genes, but the adaptation to this antibiotic was less successful than to the others. Only 4 genes (hdeA and gadA, gadB, and gadC [gadABC]) were differentially regulated in all three resistant cell types. These genes are part of the acid resistance systems (18) . Expression of a pH-inducible protein involved in the stress response (inaA), the major oxygen-insensitive nitroreductase (nfsAB), and the multidrug efflux transporters (acrAB and mdtG) (19) was significantly induced in tetracyclineand enrofloxacin-resistant cells. The regulator of acrAB, acrR, was upregulated 5.9 times in enrofloxacin-resistant cells, resulting in a very comparable upregulation of acrA by a factor of 7.9 and acrB by a factor of 5.8. In the same cells, pilus-and membrane-associated genes (fimACDI and ompF) were suppressed.
The diverging character of the expression profile is also seen when comparing differentially regulated genes according to their function ( Table 2) . For example, only in the tetracycline-resistant cells were 16 and 11 genes showing significant differential expression clustered into the functional groups of transcription and ATP binding, respectively. However, upon induction of resistance to each of the three antibiotics, functional groups of cell wall and membrane, iron ion binding, or cellular and anaerobic respiration were affected, but not identical genes. Overall, for all three antibiotics, the acquired resistance was accompanied by a large set of differentially expressed genes, both up-and downregulated, but the physiological roles are not always obvious.
Mutations. The results of the whole-genome sequencing of several of the strains yielded no SNPs or other mutations that correlated consistently with increasing resistance other than those described below, which are known from the literature. Genes that are both up-or downregulated and mutated are discussed below.
As de novo resistance against amoxicillin in E. coli involves primarily mutations in the Pribnow box promoter region of the ampC gene coding for a beta-lactamase (12, (20) (21) (22) , this region was sequenced in 7 parallel cultures during the building up of a more than 500-fold increased resistance to amoxicillin (Fig. 2 ). In total, 12 such mutations were observed, of which only 5 were present in the final cultures. An insertion of a T at the Ϫ15 position in the Pribnow box was found in the final samples of 5 out of 7 strains, twice accompanied by an apparently nonessential Gto-T mutation at position ϩ33. The two other strains had a T-to-A mutation at position Ϫ32, also in the Pribnow box, always complemented by another mutation. This succession of events suggests that with increasing antibiotic concentrations some mutations were fixed in the culture, while others disappeared, even though these originally may have contributed to the increase of resistance (12) . The final outcome can be described as the result of a set of events that do not always occur in the same order, concurring with some of the existing hypotheses on successful adaptation as a result of mutations (23) (24) (25) . Resistance to quinolones, inhibitors of DNA replication that bind to DNA gyrases (13) , is generally associated with mutations in gyrA, though mutations in parC, coding for a topoisomerase (26) , and gyrB (27) can further increase levels of resistance. The more than 1,000-fold increase of the MIC for enrofloxacin was accompanied by 3 to 5 mutations (Fig. 3 ). The initial mutations always occurred in the gyrA gene and were rarely lost or reversed. In 4 out of 7 instances it was the well-documented S83L mutation (28, 29) . For the highest levels of resistance, at least one of the several observed mutations in parC was necessary as well. Mutations in gyrA and parC were not reversed during 30 days of continued growth in either the absence or presence of the antibiotic (Fig. 4 ). Two strains had mutation(s) in gyrB that, with one exception, occurred only at the very end of the experiments and could not be correlated with additional resistance because saturation levels had already been reached. Therefore, it seems that mutations in gyrB did not directly influence the level of resistance, but an indirect relationship involving stabilization of the quinolonebinding pocket (27) cannot be excluded. Compared to ampC in the case of amoxicillin, the path to resistance is therefore more focused for gyrA, but just as variable for parC and gyrB. Conceivably, in the case of de novo enrofloxacin resistance, the initial adaptation at the expression level makes the subsequent occurrence of mutations possible by protecting the cell against the antibiotic immediately after exposure, when mutations have not yet taken place.
Despite the large number of differentially expressed genes, no consistent mutations were discerned by whole-genome sequencing during the development of tetracycline resistance, which was limited to a factor of 16, or 4 steps of 2 (data not shown and reference 9). Hence the moderate resistance that was developed against tetracycline must be primarily due to adaptations at the gene expression level. Alternatively, the mutations in seemingly unrelated genes may have contributed to the rather modest resistance that was built up against tetracycline. More likely, the lack of effective mutations explains why tetracycline-adapted cells had the most differentially expressed genes (Fig. 5A) .
Regulatory processes. Names and roles of genes that are both mutated and differentially expressed are presented in Table 3 . These genes were considered of special interest as they are affected by both mechanisms that confer resistance in the absence of exchange of genetic information. Most of these doubly affected genes are involved in transport or metabolism and only very few, notably ampC (30), are known resistance genes. If simple mutational pathways would be assumed in the development of de novo resistance, then mutations may be directly linked to expression. However, the data suggest that development of de novo resistance requires cellular adjustments regulated in a far more complex manner. Only very few genes were mutated and differentially regulated at the same time, despite the huge number of differentially expressed genes and mutations identified. This indicates that a complex set of adjustments operates within the regulatory network of the cell during adaptation (Table 3) .
While different genes are mutated upon induction of resistance to different antibiotics, it is not obvious that the same applies to differential regulation. Conceivably a distinction must be made between genes involved in the primary processes, such as efflux pump, and a set of secondary genes that are differentially regulated to compensate and adjust for the effects of the primary effectors. If the same mechanisms are involved in countering the effects of each antibiotic, a similar response at the expression level, up-and downregulating at least a similar set of secondary genes, can be expected. The overlap of genes involved in acquired resistance TABLE 2 Summary of differential regulation in selected functional groups a of tetracycline-, enrofloxacin-, and amoxicillin-resistant E. coli compared to the wild type
Functional group
No. of genes with differential regulation when exposed to indicated antibiotic b a Found with DAVID Bioinformatics Resources 6.7 (41) . Genes were analyzed that showed a minimally 2-fold significantly different expression (95% confidence level). b Tetra, tetracycline; Enro, enrofloxacin; Amx, amoxicillin. against the three antibiotics through differential expression was surprisingly small (Fig. 5 ). Only strains made resistant to enrofloxacin and tetracycline shared a considerable number of coregulated genes. The widely varying sets of differentially regulated genes suggest that different mechanisms are involved in adapting to each antibiotic. A second question regarding regulation at the expression level is how many genes are rapidly induced upon initial exposure to an antibiotic. To answer this question, the effect of the antibiotic on wild-type genes was studied by exposing the cells to 0.25ϫ MIC, allowing growth but ensuring the effect of the antibiotic (Fig. 6a ). Exposure of cells to amoxicillin had the smallest effect on the transcriptomic profile. While wild-type cells showed no significant change in gene expression when exposed to 0.25ϫ MIC, amoxicillin-resistant cells showed 4 suppressed and 8 induced genes. In contrast, the use of 0.125 g/ml enrofloxacin (0.25ϫ MIC) for the wild-type cells showed a massive effect on the transcriptomic profile, with 303 suppressed and 206 induced genes. When the wild-type cells were made permanently resistant to enrofloxacin, the global transcriptomic effect of enrofloxacin expo- sure was reversed and only a single gene was differentially expressed by growth at 0.25ϫ MIC (128 g/ml).
Mutations and Expression in
To study the opposite effect of rapid induction, growth of adapted cells was followed in the absence of the antibiotic. The number of differentially regulated genes in enrofloxacin-resistant cells reduced from 120 differentially regulated genes after the adaptation phase to 23 genes after growth for 30 days without antibiotic ( Fig. 4 and 5 ), while the MIC remained above 1,024 g/ml. Only one gene, the NADH-quinone oxidoreductase azoR, had a 2.7-, 6.25-, and 2.2-fold suppressed expression in wild-type cells exposed to enrofloxacin, cells after adaptation, and adapted cells grown in the absence of enrofloxacin, respectively (Fig. 5b) . No mutation was found in the coding or upstream region (Ͼ1,000 bp) of azoR. When the wild-type cells were exposed to enrofloxacin, 18 genes of the SOS response cluster were upregulated, for example, recA (6-fold) and umuD (32-fold) of the SOS. The SOS response is not induced if the enrofloxacin-resistant strain is exposed to this antibiotic. Upon exposure of the WT strain to tetracycline, induction of the SOS response cluster was not observed. But when the tetracycline-adapted strain is compared to the wildtype strain (without antibiotics), 3 genes belonging to the SOS response (recX, sulA, and umuD) are marginally, but significantly, upregulated (only 2-to 4-fold).
Interaction between adaptation of expression and mutations. The effects of short-term exposure on expression levels differ strongly from those on long-term adaptation. To elucidate these differences, the induction of resistance by adaptation was compared to the immediate regulation of gene expression upon , tetracycline (Tetra), and amoxicillin (Amx) in the absence of antibiotics compared to wild-type expression levels. The genes gadABC and hdeA were downregulated in all three antibiotic adapted strains. (b) Overlap of up-and downregulated genes in enrofloxacin-exposed (0.25ϫ MIC, 0.125 g/ml) wild-type and enrofloxacin-resistant E. coli cells (Enro, enrofloxacin adapted; Enro30, enrofloxacin adapted and cultured 30 days without the antibiotic) compared to wild-type expression levels. Only the NADH-quinone reductase azoR was downregulated in all 3 conditions. initial exposure of the wild-type strain to antibiotics. This is illustrated by the expression levels of the wild-type genes in response to short-term exposure and adapted cells in the presence or absence of the antibiotic (Fig. 6 ). When the role of mutations is large, as for amoxicillin resistance (Fig. 6a ) and for high levels of enrofloxacin resistance (Fig. 6b) , the role of expression is limited. When mutations have no obvious role, as in the cases of tetracycline resistance and the initial reaction to enrofloxacin exposure, a large number of genes is differentially regulated. These observations suggest that the cell initially reacts to the exposure to antibiotics by differen-tially expressing genes, but when successful mutations subsequently occur, the role of differential expression is reduced. Thus, the role of mutations in the acquisition of resistance is exactly mirrored by that of differential expression. As an exception, the constitutive upregulation of ampC as a consequence of a mutation in the Pribnow box regulating its expression is a remarkable combination of both. We expected to find physiological differences, such as lower growth rates, upon acquisition of resistance. In reality only cells exposed to tetracycline had lower growth rates (data not shown and reference 9).
TABLE 3
Genes that were simultaneously mutated in the in-frame and/or out-of-frame position (Ͼ1,000 bp upstream of differentially expressed genes) and significantly (minimally 2-fold at the 95% confidence level) differentially expressed, even after the antibiotic was removed from the medium Antibiotic, position, and gene a Position of mutation 
DISCUSSION
Taking into consideration all information on the response at the molecular level of E. coli to exposure to antibiotics in this and other studies (5, 6, 10, 25, (31) (32) (33) (34) , a picture emerges of the cell exploring all possible escape routes both at the transcriptional and at the mutational level. The overall result is an intricate set of interactions between mutations and quantitative adaptations at the enzymatic level that result in enhanced resistance of the cell to the antibiotic it encounters. For each of the three antibiotics applied in this study, the outcome was different, as well as the strategy, as far as that term is valid in this context, since intent cannot be implied. The example of tetracycline is one extreme, as no mutations seem to be involved consistently and many genes are differentially expressed. Enrofloxacin resistance is the other extreme since it is caused by mutations, with a very limited role for regulation of expression once the crucial mutations have occurred. The middle path is taken toward amoxicillin resistance, as the consistent mutations affect the expression of ampC, a betalactamase that deactivates amoxicillin effectively (10) . The effect of adaptation in reducing the ecological range (10) is confirmed by the downregulation of the acid stress chaperone hdeB (17) , which most likely results in a lesser ability of the cell to survive acid stress. The mutations induced in this study by stepwise increasing exposure to amoxicillin are identical to those found in clinical AmpC hyperproducing E. coli isolates (12, 35) and seem to have the same effect. Acquisition of enrofloxacin resistance utilized different evolutionary pathways that lead to identical phenotypic outcomes. In 36 clinical E. coli isolates, the most abundant change in gyrA was found to be an amino acid change of serine to leucine at position 83 (28) , in accordance with our findings. This suggests that while initially some variation occurred in the mutations, the successful final set is limited. This implies a "gambling for existence" search procedure for the optimal mutations, maintaining the most beneficial ones, as shown for long-term adaptation and evolution (36) . The different strategies possibly reflect the different operating mechanisms of the antibiotics, with amoxicillin blocking cell wall synthesis, while tetracycline inhibits protein synthesis and enrofloxacin DNA synthesis.
Interestingly, the essential mutations were not reversed when the antibiotic was no longer present, suggesting that the cell pays a limited metabolic price for the mutations, if at all. This in turn raises the question what the advantage is of the wild-type allele. The implication for patient treatment is considerable, as even low levels of induced amoxicillin resistance caused the susceptible population to be outcompeted by cells made moderately resistant due to short-term exposure to nonlethal concentrations of antibiotics (37) . The remarkable capability of E. coli to become highly resistant to amoxicillin and enrofloxacin within 100 generations and without observed fitness costs is reflected in the abundant observations of tremendous spread of antibiotic resistance in the environment.
In conclusion, de novo resistance to antibiotics is brought about by a complex interaction of cellular processes, involving both adaptation of expression levels and mutations. Ribosomesensed induction and efflux-pump activation are examples of mechanisms that initially protect the cell through induction of expression (38) and allow it to survive low levels of antibiotics. Subsequently, mutations are promoted by the SOS response that stimulate the horizontal exchange of resistance genes (11) or stress-induced modulation of genetic instability (39) and result in resistance to higher concentrations. The quantitative adjustment of cellular processes at different levels (40) facilitates the rapid evolution observed during the acquisition of antibiotic resistance.
